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S1: Coexistence of cue-specific and cue-independent spatial representations in human retrosplenial cortex

Author(s) and affiliation(s):

Xiaoli Chen, Department of Psychology and Behavioral Sciences, Zhejiang University, Hangzhou 310058, PR
China

Wei Ziwei, Department of Psychology and Behavioral Sciences, Zhejiang University, Hangzhou 310058, PR
China

Thomas Wolbers, German Center for Neurodegenerative Diseases (DZNE), Magdeburg 39120, Germany

A fundamental question in spatial navigation is how different spatial cues are unified to form a coherent map
of the environment. This study combined 7T fMRI, desktop virtual reality, and a novel memory-dependent
navigation paradigm. Participants visited four test locations arranged evenly along a linear track. At each
location, they performed spatial judgments that relied on memory, using either landmark cues alone or
visual self-motion cues alone. We employed two complementary approaches to detect positional coding:
fMRI adaptation and representational similarity analysis (RSA). Both approaches revealed positional coding
in the retrosplenial cortex (RSC) under each cue condition, but with distinct properties. For the
adaptation-based positional coding, brain activation decreased as the distance between successively visited
locations decreased. Adaptation-based positional coding was driven by the participant’s true location and
was cue-specific, meaning that multi-voxel activity patterns of adaptation differed between cue types. For
the RSA-based positional coding, multivoxel activation pattern similarity increased as the distance between
locations decreased. RSA-based positional coding was driven by the participant’s self-reported location and
was cue-independent, indicating that the spatial code generalized across cue conditions. Although both
codes followed similar spatial distributions along RSC’s dominant connectopy (i.e., its long axis), they were
spatially dissociated at the voxel level. These findings suggest that distinct neural populations encode
landmark information, self-motion information, and spatial memory representations independent of sensory
inputs. Taken together, this study demonstrates the coexistence of cue-specific and cue-independent spatial
representations in the human RSC for the first time, suggesting that this region plays a crucial role in unifying
diverse sensory inputs into coherent spatial representations in memory-guided navigation.

Presenting author: Xiaoli Chen



S1: Oscillatory Flight Behavior, Landscape Complexity and the Learning of Hippocampal-dependent Visual
Landmark Maps in Homing Pigeons

Author(s) and affiliation(s):

Verner P Bingman, Bowling Green State University, USA
Areej Jaradat, University of United Arab Emirates, UAE
Anna Gagliardo, University of Pisa, Italy

Sara Cioccarelli, University of Pisa, Italy

Dimitri Giunchi, University of Pisa, Italy

Sofyan Alyan, University of United Arab Emirates, UAE

Complementing their well-known navigational map, homing pigeons rely on learned, visual landscape maps
to guide their journey home when flying over a familiar space. GPS-tracking research carried out in Italy and
the United Arab Emirates has revealed that when flying over a landscape rich in topographical features,
homing pigeons display a robust oscillatory flight behavior, an oscillatory flight behavior that is less
pronounced when flying over homogeneous landscapes like a sea or desert. Curiously, the extent of this
oscillatory flight behavior diminishes as birds become increasingly familiar with a landscape. This result
indicates that the oscillatory flight behavior directly supports the learning of a visual map, and as learning
progresses there is less need to engage in such behavior. Indeed, where oscillatory behavior is most
pronounced during first exposure to a landscape, the greater the likelihood of a visual landscape map being
learned. The central role of the avian hippocampus in supporting the learning of a landscape map has been
well documented. Consistent with the adaptive value of oscillatory flight behavior, homing pigeons with
hippocampus lesions are more likely to persist in flight oscillations when repeatedly flying over a familiar
landscape, a behavior that reflects their impaired ability to learn a landscape map. In other words,
hippocampus lesioned pigeons appear to continue to interpret the overflown landscape as “unfamiliar”,
motivating continued expression of flight oscillations. More recently, we found that lesions of the pigeon
anterior forebrain’s visual Wulst similarly lead to persistent oscillatory flight behavior as pigeons repeatedly
fly over the same space. Overall, the data support the hypothesis that oscillatory flight behavior supports
active visual scanning, most pronounced over novel, complex landscapes, contributing to visual map learning
that is controlled by a brain network grounded to the hippocampus and visual Wulst.

Presenting author: Sofyan Alyan



S1: Hippocampal coding during real world navigation in bats flying on a remote island

Author(s) and affiliation(s):

Saikat Ray, Weizmann Institute of Science

Shaked Palgi, Weizmann Institute of Science

Yuval Waserman, Weizmann Institute of Science
Liora Las, Weizmann Institute of Science

Nachum Ulanovsky, Weizmann Institute of Science

Animal brains have evolved to support complex behavior in natural environments, yet much of our
understanding of neural coding stems from experiments performed in the laboratory — with the assumtion
that neural properties gleaned from simple laboratory experiments can be extrapolated to understand how
the brain works in the real world. We aimed here to test this fundamental scientific assumption, and
performed the first single-unit neural recordings outdoors from the hippocampus of freely flying bats as they
navigated on a remote oceanic island. We combined this novel neuroethological paradigm with a key
advance in modern system neuroscience, and recorded from >150 neurons simultaneously — to investigate
the properties of neural manifolds in addition to those of single neurons. Dorsal CA1 hippocampal neurons
showed place coding as the animals navigated in the wild, with single place cells having multi-field and
multi-scale spatial coding when navigating large areas outdoors, similar to previous findings in large-scale
indoor environments. We tracked the bats from the first day they explored this novel geographical area, and
found that the fraction of place cells and their spatial coding properties evolved across days. The neural
activity manifold in the hippocampus showed a striking difference between real world navigation and
restricted navigation indoors — with the manifold dimensionality being much higher outdoors than indoors.
This difference could not be explained by the spatial scale of the environment, as it was much higher
outdoors than both small and very-large-scale indoor environments. Thus we provide the first insights on
spatial coding in the mammalian hippocampus during real world navigation outdoors, and highlight the need
to investigate neural activity in animals performing complex behavior in natural environments to truly
understand the structure of neural coding in the brain.

Presenting author: Saikat Ray



S1: Relational mapping in the hippocampal-cortical system relates to intelligence

Author(s) and affiliation(s):
Rebekka Tenderra & Stephanie Theves

*Max Planck Institute for Empirical Aesthetics, Frankfurt am Main, Germany

General intelligence captures stable individual differences in performance across diverse cognitive domains
and predicts real-life outcomes, yet its underlying neural information processing mechanisms remain
unclear. Since relational reasoning is central to intelligence, structural abstraction and generalisation
mechanisms in the hippocampal-cortical system have been proposed as key candidates. Using fMRI and
representational geometry analyses, we show that intelligence relates to encoding and generalisation of
knowledge structures via low-dimensional representations in the hippocampal-cortical system. First,
relational integration of piecemeal learned object locations into hippocampal cognitive maps was selectively
associated with intelligence, whereas non-relational hippocampal item memory was not. Further, alignment
of newly learned information with preexisting knowledge structures supported inference performance and
predicted intelligence. These findings identify neural structure mapping as a mechanism underlying
domain-general reasoning ability.

Presenting author: Stephanie Theves



S1: Eye movement signals dominate a canonical input to the head direction compass

Author(s) and affiliation(s):
Jeffrey S. Stott1#, Vanessa Chang2#, Chenhao Bao2#, Kechen Zhang2, Kathleen E. Cullen2*, Matthijs A. van
der Meerl*

1. Department of Psychological and Brain Sciences, Dartmouth College, Hanover, NH, 03755
2. Department of Biomedical Engineering, Johns Hopkins University, Baltimore, MD, 21205
#Equal contribution. *Equal contribution and correspondence:

There are two competing theories for the role of the brainstem’s nucleus prepositus hypoglosi (NPH).
Damage to rodent NPH disrupts upstream head direction (HD) cell signaling, indicating a role in navigation.
However, longstanding work in non-human primates indicates that NPH is an oculomotor nucleus.

To evaluate these theories, we present two independently gathered datasets. First, we recorded
electrophysiologically identified NPH neurons in mice and differentiated eye-only motion from head + eye
motion. A firing rate (FR) model based on eye-only data predicted FR in the head + eye motion condition,
indicating that eye variables alone can describe NPH activity during head rotations.

Second, we recorded histologically verified NPH neurons and elicited head + eye movements. 81% of
neurons were AHV-sensitive, and a similar fraction (79%) modulated their FR just before saccades and 86%
during slow-phase eye movements. Projection-defined NPHDTN neurons were also slow and quick-phase
modulated.

Logically, saccade bursting ought to disrupt the HD estimate. We constructed a HD ring attractor model with
NPH-derived kinematics. Eye movement-responsive cells can fire similarly for quick and slow phases (same),
or they can have opposite responses. We show that bursting during saccades can introduce HD estimation
error. However, a balanced mixture of same- and opposite-type NPH cells effectively canceled out the phasic
component and minimized estimation error.

Overall, we found compelling evidence that eye movement signals are abundant in rodent NPH, including in
HD system inputs. Eye and head movements were strongly related (anticorrelated), due to the
vestibular-ocular reflex. We argue that the most parsimonious description of NPH tuning is oculomotor in
nature, and that NPH conveys vestibular inputs to DTN as a consequence of its eye movement tuning. A
balanced network of NPH input cell types can still accurately update the HD representation during head
turns.

Presenting author: Jeffrey Stott



S1: Experience-dependent maturation of the spatial representation in adult mice

Author(s) and affiliation(s):
Xiuting Yang™*, Zilong Ji*, Yi Lu, Daniel Manson, Siqgi Chen, Yanyi Li, Yiting Feng, Francesca Cacucci, Neil
Burgess, Tom Wills#, Guifen Chen#

The cellular mechanisms that support spatial learning remain unclear. Here, we show that, in adult mice,
spatial representations emerge on distinct timescales: place cells in the hippocampus rapidly form stable
representations, whereas grid cells in the medial entorhinal cortex require extended experience to develop
hexagonal patterns. The slow maturation of hexagonal grid patterns is correlated with increased theta
sequences and replay scales. A computational model capturing the dynamics suggests that place fields
stablize quickly through fast sensory-driven learning, while grid patterns emerge more slowly as a grid
attractor network corrects accumulated errors using sensory inputs from place cells. These findings indicate
that adult spatial learning recapitulates the process during development, revealing temporally structured
interactions within the hippocampal-entorhinal circuit that support the formation of spatial learning.

Presenting author: Guifen Chen

S1: Egocentric anchoring-and-adjustment influences social and spatial perspective-taking

Author(s) and affiliation(s):
Marta Rodriguez Aramendia(Universitat Jaume |) and Raphael Kaplan(Universitat Jaume I)

Navigating the spatial and social world both involve integrating one’s first person viewpoint with others. Yet
whether a perspective-taking bias present in a seemingly viewpoint-invariant allocentric reference frame is
transferable from one domain to the other is unclear. Here, we test if a social bias, egocentric
anchoring-and-adjustment, involving individuals estimation of others' preferences by starting with their own
perspective and insufficiently adjusting away from it, is transferable to allocentric spatial cognition. In two
experiments, healthy volunteers performed a typical egocentric anchoring-and-adjustment social cognition
task, an egocentric spatial distance estimation task, and the Four Mountains Test-an allocentric spatial
recognition task. In the second experiment, participants also performed an allocentric social comparison
task. We observed no correlation between spatial and social task performance in general. However, anchor
biases were present across all tasks in both experiments. Notably, social and spatial allocentric task
performance was selectively influenced by anchor biases in the same way. Taken together, these results
suggest that shared cognitive computations underlie physical and metaphorical viewpoint integration.

Presenting author: Marta Rodriguez Aramendia



S1: Clover-like object vector representations support human spatial cognition

Author(s) and affiliation(s):
Marcia Becu (1,2,3), Pearl Saldanha (1), lvan Markel Krasovec (1,2,3),
Jonathan R. Whitlock (1), Christian F. Doeller (1,2)

(1) Kavli Institute for Systems Neuroscience, NTNU, Trondheim, Norway
(2) Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
(3) Department of Neurosurgery, Duke University, Durham, USA

Vector-based spatial coding has been demonstrated in rodents, yet its neural basis in humans and its
contribution to navigation remain poorly understood. Using a novel spatial updating task, we show that
egocentric directional signals peak when objects are located behind the navigator, while distance signals
emerge only when objects are out of view, suggesting a mnemonic role for vision independent spatial
mapping. Allocentric signals form a clover-shaped, four-axis pattern aligned to visual features, with improved
navigation accuracy along its axes. Parallel rodent recordings further show the clover pattern arises from
averaged activity of allocentric vectorial neurons, suggesting conserved cross-species mechanisms. Together,
our findings uncover vector-based representations in the human brain, potentially serving as a neural
reference axis to anchor objects to internal maps and support navigation.

Presenting author: Christian Doeller



S1: Lost in Translation: Ego-Allo Reference Frame Transformation is Distinct from Allo-Ego Translation

Author(s) and affiliation(s):
Sun Terletsky-Tsruya, Meytal Wilf, Aviv Jarbi & Michal Ramot
Department of Brain Sciences, Weizmann Institute of Science, Rehovot, Israel.

Human navigation relies on interactions between egocentric (body centered) and allocentric (world
centered) spatial representations, but the mechanisms of translation between these reference frames
remain poorly understood. We test whether the two transformation directions rely on shared or distinct
processes, and evaluate the contribution of memory.

We developed a two part VR paradigm that dissociates the reference frame of the input from that of the
required response. In our VR adaptation of the Perspective Taking task (PTSOD), participants view an
allocentric array of objects (allocentric input) and indicate the location of a target from an imagined
viewpoint (egocentric output). In the Arena Exploration task, participants explore a dark arena using self
motion and auditory cues (egocentric input) and later reconstruct the environment on a map (allocentric
output).

Both tasks revealed stable individual differences in performance. Critically, performance overlapped only
when the PTSOD required memory, implicating memory as the shared component. In the Arena task, we
found a dissociation of spatial precision and memory reliability, suggesting an independent component of
internal spatial transformation accuracy. Most intriguingly, variability in orientation and scaling during map
reconstruction also predicted spatial accuracy, implying a potential role for the stability of internal
“compass” and “ruler” transformations in forming allocentric maps.

To examine the neural basis of these processes, we adapted the tasks for a 7T fMRI environment. The
paradigm preserves the core translation demands while enabling identification of networks transforming
spatial representations across reference frames. Preliminary analyses suggest that the two translation
directions recruit partially distinct brain regions. Together, these results provide a behavioral and neural
framework for studying how the human brain transforms spatial information across reference frames.

Presenting author: Sun Terletsky-Tsruya



S1: Hippocampal theta sweeps indicate goal direction during navigation

Author(s) and affiliation(s):
Changmin Yu(1,2), Zilong Ji(2,3), Jake Ormond(4,6), John O’Keefe(4,5), Neil Burgess(2,3,4)

1Department of Engineering, University of Cambridge

2Institute of Cognitive Neuroscience, UCL

3Queen Square Institute of Neurology, UCL

4Sainsbury Wellcome Centre for Neural Circuits and Behaviour, UCL
5Department of Cell and Developmental Biology, UCL
6Department of Bioengineering, Imperial College London

Successful spatial navigation requires rapid evaluation of potential future trajectories. Hippocampal “theta
sweeps”, the sequential activation of place cells within individual theta cycles, exhibit predictive dynamics
within the ideal timeframe for this role. However, whether these sequences simply reflect movement-related
variables or more cognitive goal-directed planning remains unresolved. Using data from the “Honeycomb”
maze, which dissociates head, movement, and goal directions, we found that theta sweeps form robust
goal-directed vectors independent of the rat’s movement or heading directions. Stronger goal-modulation
preceded correct navigational choices, establishing the relevance of theta sweeps for spatial planning. A
hierarchical continuous attractor network model with goal-oriented directional inputs reproduced these
findings, and made several non-trivial predictions, which we confirmed empirically. Sequential activity during
immobility-related sharp-wave ripples was also goal-directed and therefore more aligned with theta sweeps
rather than with previously 5 experienced trajectories. Our findings identify hippocampal theta sweeps as
neural substrates for online goal-directed planning.

Presenting author: Neil Burgess



$2: Hippocampal conditioning code dominates and disrupts the place code

Author(s) and affiliation(s):
Hannah S Wirtshafter 1, Mayank R Mehta 2, Sara A Solla 1,3, John F Disterhoft 1

1. Department of Neuroscience, Northwestern University Feinberg School of Medicine, Chicago, IL
60611, USA.
2. W. M. Keck Center for Neurophysics, Departments of: Physics & Astronomy, Neurobiology, Neurology,

University of California, Los Angeles, Los Angeles, CA 90095, USA.

3. Department of Physics and Astronomy, Northwestern University, Evanston, IL 60208, USA.

The hippocampus is widely viewed as primarily a spatial mapping system because many CA1 neurons exhibit
spatially selective activity during exploration. However, the hippocampus is also involved in nonspatial
learning, such as in trace eyeblink conditioning (tEBC). Most prior reports of nonspatial activity were
obtained in immobile animals, leading to the proposal that the hippocampus encodes space during
locomotion and nonspatial variables during immobility. The question of how the hippocampus encodes both
spatial and nonspatial variables during locomotion and spatial exploration has remained unanswered. To
address this issue directly, we used calcium imaging to record thousands of CA1 neurons from rats executing
tEBC while they simultaneously explored an open field. Across more than 6,000 neurons from five rats, firing
rates increased during tEBC periods relative to non tEBC periods, an effect that persisted after controlling for
locomotor speed. At the single cell level, tEBC modulation was widespread and strongly biased toward
increased firing, with tEBC enhanced neurons outnumbering spatially selective neurons by more than
threefold. At the population level, tEBC related activity remained invariant to changing spatial location; in
contrast, spatial coding was reduced during tEBC periods. These findings show that during active behavior,
tEBC engagement reorganizes hippocampal activity into a temporally structured population response that
can dominate and disrupt place coding. These findings challenge the view that the hippocampus functions
primarily as a stable spatial map.

Presenting author: Hannah Wirtshafter



$2: Slow synaptic plasticity from the hippocampus underlies gradual mapping and fragmentation of novel
spaces by grid cells

Author(s) and affiliation(s):
Lujia Chen1, Ling Liang Dong2, 5, Farid Shahid1, 5, Taylor Malonel, Yan Mal, Nai-Wen Tien1, 3, Kyle
Cekadal, Sarthak Chandra2,4 *, lla Fiete2, *, Yi Gul, *

1Spatial Navigation and Memory Unit, National Institute of Neurological Disorders and Stroke, National
Institutes of Health, Bethesda, MD 20892, USA.

2Department of Brain and Cognitive Sciences and McGovern Institute, Massachusetts Institute of
Technology, Cambridge, MA 02139, USA.

3Current address: Department of Ophthalmology and Visual Sciences, Washington University School of
Medicine, Saint Louis, Missouri 63110, USA.

4international Centre for Theoretical Sciences, Bengaluru, KA 560089, India

5Equal contribution

*Co-corresponding authors

Animals construct internal "cognitive maps" of the world during navigation in spatial and non-spatial
domains, with grid cells in the medial entorhinal cortex (MEC) playing a key role. This requires associating
internal position estimates with external cues to reduce spatial uncertainty over time. However, how grid
cell representations evolve in novel spaces to support map formation is unclear. To address this question, we
longitudinally imaged calcium dynamics of grid cells over 10 days as mice learn operant tasks in novel virtual
linear tracks. We observe that spatial tuning of grid cells is present immediately in novel tracks but evolves
as a significant fraction of spatial fields shift backward on a run-by-run basis, within and across days.
Backward shifts are more prevalent in grid cells than in non-grid cells. The fields gradually stabilize across
days, anchored by landmarks, suggesting slow plasticity. The backward shifts partially reset daily, reflecting a
slower consolidation timescale. While individual fields of a cell shift differentially, co-active fields of
co-modular grid cells shift together, indicating their coupled dynamics on the same two-dimensional torus.
Spatial learning leads to systematic changes and stabilization of their population phase trajectory, including
lateral shift, rotation, and phase resets at landmarks, forming a landmark-fragmented representation for the
environment. Finally, we build an entorhinal-hippocampal model that mechanistically explains the diverse
phenomena - grid field shifts, increasing fidelity, and fragmentation of the spatial map - and predicts slow
Hebbian plasticity in the hippocampus-to-entorhinal pathway. Together, our study suggests that slow
hippocampus-to-MEC plasticity drives the formation of stable and fragmented cognitive maps that combine
internal and cue-driven positional estimates in rich environments during learning. This mechanism may
extend to broader memory processes involving this circuit.

Presenting author: Yi Gu



$2: Spatial periodicity of firing in retrosplenial cortex follows path shape and sub-structure

Author(s) and affiliation(s):
Emily Xu, University of California, San Diego
Douglas A. Nitz, University of California, San Diego

Traversing complex routes is often facilitated by considering the route as a set of related sub-spaces.
However, the neural mechanisms underlying this compartmentalization process are not well understood. We
investigated whether neurons in retrosplenial cortex (RSC), a hub for multiple forms of spatial and
directional processing, exhibit firing patterns that reflect encoding of route sub-spaces. Rats (N=5) traversed
a variety of path shapes on a ring-shaped track, a plus-shaped track, a large and small hexagonal track, and
an irregularly shaped track. Single-unit recordings revealed that while RSC ensembles generated distinct
representations for every track location, a significant proportion of RSC neurons exhibited periodic activation
patterns that repeated across route segments of the same shape. Recurring activation patterns were
observed at the scale of the full route and at scales capturing route sub-spaces (e.g. half-routes and
guarter-routes). This periodic encoding was maintained even in track configurations (circle and irregular
tracks) that are devoid of repeating action sequences, indicating independence from motor patterns.
Strikingly, these spatially periodic firing patterns adapted to the specific structure of each maze. In the plus
maze, quarter-route periodicity dominated, while in the hexagonal maze, sixth-route periodicity was most
prevalent. These findings suggest RSC neurons exhibit periodicity at many spatial frequencies, but that the
distribution of spatial periodicities adapts to the unique sub-space structure of different route shapes. This
adaptable periodic encoding may constitute a fundamental mechanism for decomposing navigational
problems into tractable segments across diverse environments and/or for population encoding of path
shape.

Presenting author: Emily Xu



$2: Human Path Integration Benefits from Global Cardinal Axes in Virtual Environments

Author(s) and affiliation(s):

Cara Oster, Julian Keil, Denise O’Meara, Annika Korte, Katrin Reichert, Varnan Chandreswaran, Nikolai
Axmacher, Frank Dickmann

Ruhr University Bochum

During navigation, the brain exhibits a specific pattern called grid cell-like representation (GCLR) that can be
measured in the human brain through fMRI. This activity exhibits a hexagonal grid pattern that can align to
the environment along boundaries or salient axes. We assume that when the grid is aligned, GCLR activity is
stronger, and people navigate more accurately. Thus, studying how environmental structure affects
navigation in controlled virtual environments can shed light on the principles of human spatial coding and
guide the design of maps or navigation aids that are adapted to the functioning of GCLRs. In this study, we
investigate whether a global cardinal axis in a virtual environment leads to higher GCLRs and improves
navigation performance in a path integration (PI) task with two distractors. Participants navigated through a
virtual environment using a joystick while brain activity was recorded with fMRI. We compared navigation
performance and brain activity between two otherwise identical virtual environments: one containing a
global cardinal axis defined by a mountain and a valley that remained permanently visible on the horizon,
and a control environment in which this axis was absent. Behavioral results from the current sample show
significantly improved Pl performance in the axis condition compared to the control, with lower mean
distance error (T(33) =-5.13, p < 0.001) and lower mean absolute angle error (T(33) =-4.13, p < 0.001). The
concurrently acquired fMRI data will allow us to test whether such performance benefits are accompanied
by enhanced GCLR activity. These findings provide new insights into how spatial elements influence
navigational behavior and could inform the design of more intuitive navigation interfaces.

Presenting author: Cara Oster



$2: The impacts of age on place cell sequences during movement and replay

Author(s) and affiliation(s):
Gabrielle F. Shvartsman (1), Charles I. O'Leary (1), Anna K. Gillespie (1,2)

(1) Department of Neurobiology & Biophysics, University of Washington, Seattle, USA
(2) Department of Lab Medicine & Pathology, University of Washington, Seattle, USA

Age gradually degrades memory function. The hippocampus — a brain region central to memory processes —
is particularly vulnerable to age-related changes. Spatially-tuned hippocampal neurons, called place cells, fire
in time-compressed sequences that play an important role in memory consolidation, recall, and
memory-based decision-making. These sequences occur during movement (referred to as theta sequences)
as well as during immobility (referred to as replay). However, it remains unclear how these neural sequences
are affected by the aging process and whether they contribute to behavioral changes. In this study, we
collected electrophysiological recordings from the CA1 subregion of the hippocampus in young (4-9m) and
aged (28-32m) rats while they performed a complex memory-guided spatial task. Decoded sequences of
place cell firing exhibited multiple age-related changes during both movement and immobility, some of
which correlated with behavioral performance. These results shed light on how age-related changes in
hippocampal patterns of neural activity may contribute to memory impairment in advanced age.

Presenting author: Anna Gillespie



S2: Allocentric Spatial Representations Distinguish Human and Macaque Virtual Navigation

Author(s) and affiliation(s):

Mihoby Razafinimananal,2,*, Marie Vericel3,*, Clément Desoche4, Aurélie Watilliaux1,2, Matthieu
Bernard1,2, Grégory Sedes1,2, Sylvia Wirth3,°, Laure Rondi-Reig1,2,°, Anne-Lise Paradis1,2,°

1Sorbonne Université, CNRS, Inserm, Center for Neuroscience at Sorbonne Université, NeuroSU, Paris,
France, 2Sorbonne Université, CNRS, Inserm, Institut de Biologie Paris-Seine, IBPS, Paris, France, 3Université
Claude Bernard Lyon 1, CNRS, UMR5229, Institut des Sciences Cognitives Marc Jeannerod, Bron, France,
4Centre de Recherche en Neurosciences de Lyon, INSERM, U1028, CNRS, UMR5292, Université Lyon 1,
Plateforme Neuro-Immersion, Bron, France

*° These authors contributed equally

Spatial navigation relies on internal representations anchored to the navigator (egocentric) or to the
environment (allocentric). Whether rhesus macaques form allocentric maps comparable to humans remains
unresolved. To probe their navigation strategies, we designed a cross-species virtual navigation task, without
any verbal instruction. Over several days, 67 humans and 2 macaques were exposed to experimental
conditions manipulating goal visibility (Uncued vs. Cued), environment geometry (Starmaze vs. Arena),
landmark availability (visible vs. fog), and navigation continuity (continuous vs. teleportation). With
GMM-based clustering analyses, we identified three human profiles: (i) Efficient participants displaying
robust allocentric navigation (n = 16), (ii) Arena-Impaired, likely relying on landmark-based or routine-based
strategies and unable to generalize Starmaze learning to the Arena (n = 29), and (iii) Inefficient participants
failing to learn any strategy (n = 22). Macaque performance best fit the Arena-Impaired profile. These results
provide behavioral evidence that allocentric representations emerge spontaneously in many, but not all,
humans, while macaque virtual navigation is better explained by non-allocentric strategies. They underscore
both species differences in spatial representation and the necessity of rigorous methodological controls
when inferring allocentric-based navigation from behavior.
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Spatial memory representations guide future navigation but may change over time as they consolidate.
While consolidation research has mostly addressed delays from hours to days, it remains largely unexplored
how distinct spatial representations transform across the course of weeks.

In this study, 80 participants freely navigated the Berlin Zoo, a large-scale environment, for two hours. Spatial
memory was assessed immediately afterwards on-site in a mobile VR laboratory using three tasks designed
to capture representations along the ego- to allocentric spectrum. Follow-up assessments were conducted
either one or four weeks after acquisition.

At baseline, participants outperformed a zoo-naive control group, confirming that a single navigational
episode is sufficient to establish robust spatial memory representations. We further found that egocentric
performance in pointing tasks improved over time whereas allocentric performance in a target placement
task remained stable. Although no differences emerged between delay groups, individual differences in
spatial abilities, orientation to north, and age additionally predicted performance.

These findings indicate that ego- and allocentric representations follow distinct temporal trajectories, with
most transformation occurring within the first week after acquisition. Beyond time, individual factors such as
spatial abilities and demographic factors contributed to spatial memory performance.
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Cognitive maps and graphs are two fundamental forms of mental representation. While a map arranges
items in a spatial layout, a graph organizes items according to their relations. Most previous studies have
grounded their hypotheses in only one of these representations without considering the other, leading to
potential confounds between map and graph representations. As a result, it remains unclear whether these
two forms of mental representation rely on distinct neural substrates. To address this question, we designed
a virtual environment consisting of eight locations connected by paths, with each location marked by a
unique monument. Pairwise distances in the map (i.e., Euclidean distances) and in the graph (i.e.,
shortest-path distances) were orthogonally manipulated (i.e., with near-zero correlation), such that
monuments that were spatially close in the environment did not necessarily have a short path connecting
them. Before fMRI scanning, participants navigated the virtual environment from a first-person, ground-level
perspective. They could visually perceive the Euclidean distances between monuments but were constrained
to navigate only along the paths. This “open maze” environment allowed participants to learn the spatial
layout specified by the cognitive map, while their experiential transitions were governed by the structure of
the cognitive graph. During fMRI scanning, participants recalled map- and graph-related information
associated with each monument. Whole-brain representational similarity searchlight analysis revealed a
double dissociation: the right intraparietal sulcus encoded Euclidean but not shortest-path distance, whereas
the left hippocampus and the left retrosplenial/lingual cortex encoded shortest-path but not Euclidean
distance. These results provide evidence for distinct neural substrates supporting cognitive map and graph
representations in the human brain.
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A central question in spatial cognition is how people develop cognitive maps across boundaries. Three
hypotheses are proposed to explain whether and how cognitive maps integrate both positional and
orientational/heading information across boundaries. The no-global-map hypothesis proposes that when
across-boundary visibility is minimized, both positional and orientational representations may fail to
integrate across spaces. Alternatively, the other two hypotheses propose that people may form accurate
global positional representations but impaired global orientational representations with minimized
across-boundary visibility. They differ in how global heading is updated during indoor movement. The
continuous-updating hypothesis proposes that global heading is updated solely through path integration and
linked to the indoor reference frame only after movement, predicting that longer paths should increase
across-boundary orientational errors. In contrast, the early-link hypothesis proposes that local and global
heading representations are linked upon entering the indoor environment, allowing local visual cues
encountered during movement to reset accumulated global heading errors. In immersive virtual
environments, participants learned the locations of target buildings and testing rooms, then walked into
each room with minimal across-boundary visibility along paths with two or six segments. During testing,
they pointed to buildings from inside or outside each room. Positional representations remained globally
integrated across the boundary, whereas orientational representations failed to align across the boundary.
Critically, increasing path complexity did not increase global heading errors. These findings rule out the
no-global-map and continuous-updating hypotheses, suggesting that while global representations of place
position develop across boundaries, global representations of place heading depend on accurate early
linking.
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The medial entorhinal cortex (MEC) contains diverse neuronal populations that are essential for spatial
navigation and learning. However, how MEC neurons interact to support memory encoding remains unclear.
To address this, we longitudinally tracked calcium activity of MEC neurons as mice traversed multiple virtual
reality environments. Excitatory neural activity increased upon exposure to novel environments and
gradually decreased with learning. Neurons segregated into weakly firing (“weak”) and strongly firing
(“strong”) populations with distinct dynamics. Weak cells showed greater environment specificity and
sensitivity to global network activity and were less likely to be classified as canonical functional cell types.
Their activity preferentially encoded salient environmental features and evolved flexibly during learning,
shifting from landmarks to the reward location, in parallel with gradual ramping of dopamine signals before
reward. In contrast, strong cells were less selective for salient features, forming stable representations of the
environment that strengthened with learning. Coupling between weak and strong cells increased during
learning, suggesting that flexible and stable representations jointly support environmental memory. Changes
in excitatory activity during learning were regulated by interneuron activity, which initially decreased upon
novel environment exposure before increasing with learning. Transient activation of interneurons during
novel environment exposure prevented the novelty-associated increase in excitatory activity, disrupted both
the flexible and stable representations, reducing their interactions, and impaired spatial learning. Together,
these findings reveal an entorhinal mechanism for goal-directed spatial memory in which flexible and stable
excitatory representations interact under the influence of interneuron activity and dopamine signaling,
highlighting the importance of coordinated circuit dynamics for memory encoding.
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Spatial navigation is commonly studied in static environments, but adaptive behavior frequently hinges on
tracking moving goals in real time. Active pursuit exemplifies this challenge: it is an inherently egocentric
spatial behavior requiring continuous localization of a moving target, yet the neural coding schemes
supporting it remain poorly understood. We therefore performed Neuropixels recordings in the retrosplenial
cortex (RSC), a hub for egocentric-to-allocentric reference frame transformations, during naturalistic
bait-chasing. We identified head-centered target-encoding neurons that were functionally distinct from cells
encoding environmental boundaries or static objects. Whereas egocentric boundary encoding was
task-invariant, target-coding cells were specific to chasing and exhibited task-dependent retuning,
characterized by enhanced egocentric representation and reduced allocentric head-direction signaling
during pursuit. Together, these findings demonstrate that classical egocentric and allocentric codes coexist
with novel target tuning in the RSC, where target-coding neurons dynamically reweight their reference
frames according to behavioral demands during pursuit.
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Humans maintain orientation during naturalistic navigation by integrating self-motion cues, a process known
as angular path integration. In this study, we examined how shifted visual landmarks influence
path-integration estimates during a goal-directed virtual reality navigation task. Participants rotated to a goal
angle and were then instructed to return to their initial heading. In some trials, a shifted visual landmark
appeared during the return phase, introducing a prediction error between the expected and observed
heading. Participants’ heading position and angular velocity were recorded continuously throughout the
task. In parallel, we modeled this goal-directed navigation behavior using a control theory model. The model
explicitly represents heading position and velocity and updates them at each time step. It consists of a state
estimator that tracks the internal estimate of heading based on observation and a controller that generates
control commands to minimize the difference between the estimated heading and the goal. Prediction
errors arising from visual feedback update the internal state estimate, which in turn alters the control signal
and thereby influences angular velocity and trajectory. Humans and the model showed similar patterns
following feedback. In both cases, prediction errors shifted the internal estimate of heading and produced
systematic biases in the return trajectory as a function of feedback gain and the magnitude of the landmark
shift. By reproducing the time-evolving trajectories and control signals observed in human behavior, the
model provides a mechanistic explanation of how visual feedback influences angular path integration during
goal-directed navigation.
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XR is increasingly used to study spatial navigation, self-motion perception, and orientation, yet immersive
navigation systems can also provoke cybersickness and disorientation. These symptoms are often treated as
participant-level confounds or usability problems. Here, | argue that they can also reveal systematic
mismatches within the experimental system: between user state, technical performance, perceptual world
design, locomotion interface, and user adaptation.

This poster presents the VR Comfort Stack as a layered framework for reasoning about cybersickness in XR
navigation research. The stack organizes comfort- and orientation-relevant factors into five interacting layers:
Set & Setting, Technical Performance & Temporal Predictive Fidelity, Perceptual World & Interaction Design,
Locomotion & Navigation, and User Strategies & Cognition. | further propose predictive fidelity as a linking
principle: the degree to which XR sensory feedback matches the brain’s expectations about timing,
environmental structure, and action-contingent movement. Temporal predictive fidelity concerns whether
signals arrive when expected; environmental predictive fidelity concerns whether the virtual world provides
coherent reference structure; and agential predictive fidelity concerns whether movement feedback follows
predictably from the user’s own actions.

For navigation research, this framing suggests that cybersickness is not only an adverse side effect, but also
an informative signal about how XR systems shape self-motion perception, spatial updating, orientation, and
task performance.

By making these layers explicit, the framework aims to help navigation researchers treat cybersickness not as
peripheral noise, but as a structured signal for understanding how XR systems support—or
disrupt—self-motion perception, spatial updating, and orientation, while improving study design, reporting,
and cross-lab comparability.
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Human crowd navigation emerges from the interaction between individual decision-making and social
influence, yet the behavioural mechanisms underlying these dynamics remain poorly understood. While
extensive research has examined collective motion in animals such as flocking birds and swarming insects,
comparatively few studies investigate the processes governing human crowd navigation outside virtual
settings. Recent work suggests that simple local interactions can generate large-scale patterns: pedestrians
often copy the route of the stranger directly ahead, producing cascades of aligned decisions that shape
crowd flows. Research on goal-directed navigation in virtual environments shows that cognitive and motor
differences influence how efficiently people discover optimal paths.

The 100 Minds in Motion project was designed to uncover the behavioural mechanisms that give rise to
collective navigation patterns. We conducted a controlled experiment with 101 participants performing
navigation tasks in a shared interactive maze-like environment. Unlike observational studies of real-world
crowds, this design enables precise measurement of trajectories, decision points and timing under
controlled conditions. We also collected participant-level information, including demographic characteristics
and personality measures, allowing us to examine how individual heterogeneity shapes collective dynamics.

This dataset offers a unique opportunity to analyse how local decision rules, imitation, crowdedness,
visibility and individual differences interact to shape movement behaviour. We investigate whether
crowdedness and social cues influence navigation choices and whether these decisions propagate through
groups in cascade-like processes. By combining trajectory data with eye-tracking, questionnaires and mobile
EEG, the project provides a framework for inferring behavioural rules from emergent crowd patterns and
studying macro-to-micro mechanisms in human collective navigation.
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Being able to represent the direction of an unseen goal is a key navigation skill. This ability depends on the
hippocampus, which encodes not only an agent’s location but may also represent goal locations, possibly via
place cells or other spatial cells that provide vector-like information such as goal distance and direction.
While human fMRI and intracranial EEG studies have shown that goal distance is encoded in the
hippocampal formation, evidence for egocentric goal direction has been limited.

In this study, we analyzed neural data from eight participants with chronically implanted RNS Neuropace
electrodes who freely navigated a 5 x 5 m virtual environment. Participants learned the locations of three
targets and, after receiving a cue, navigated first to a randomly placed intermediary “halo” location before
returning to the remembered target. These intermediary points produced a broad sampling of egocentric
head-to-goal directions, avoiding the directional bias of tasks where people move straight toward a goal.
We found that the slow component of theta power showed egocentric directional tuning to the goal. Theta
power increased linearly with the angular difference between a participant’s heading and the goal direction,
peaking when the goal was directly behind them. Because the goals were invisible, this tuning likely reflects
memory-based processes and may indicate greater hippocampal computation when heading and goal
direction differ most. The effect was not explained by turning or movement speed and was strongest in
hippocampal channels compared with other medial temporal lobe regions, including the amygdala and
perirhinal cortex.

Although preliminary, these findings suggest that the human hippocampus encodes goal direction in
egocentric coordinates. This signal may offer a window into navigational intention, and ongoing analyses will
test whether it can predict which target a participant is aiming to reach.
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Different environments can afford different actions, such as a change in the wind while sailing. Previous work
has shown that the entorhinal cortex, a key neural substrate for cognitive maps, is sensitive to learned action
possibilities. Nonetheless, it is unclear whether such affordance representations generalise across contexts.
Moreover, it is unclear how affordance representations relate to representations of enacted action.

In this study, we taught participants to navigate a visual map using eye movements in two different contexts.
Within contexts, entorhinal cortex patterns were more similar when affordances were more aligned.
Intriguingly, across contexts affordance similarities reflected a uniform rotation, despite both contexts using
the same screen-based reference frame to guide eye movement.

Enacted eye movements were represented in the parietal cortex, in line with a sequential processing of
action information.

Our results suggest that relational knowledge may entail entorhinal representation of affordances which
rotate uniformly across contexts, thereby allowing both action selection and context differentiation.
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Grid-like coding in the human entorhinal cortex (EC), a putative neural substrate of spatial navigation,
declines with aging. However, the structural mechanisms driving this degradation have not been directly
tested. While declining grid-cell integrity is typically attributed to changes in local EC circuitry, the EC
operates within a broader navigation network, and the microstructural health of key afferent regions may
shape the strength and coherence of grid cell coding. In a sample of 64 older adults (60—-88 years), we
examined whether diffusion MRI indices of tissue microstructure (mean diffusivity (MD) and fractional
anisotropy (FA)) in five extra-entorhinal regions predicted EC grid-like coding. This was quantified using a
representational similarity analysis (RSA) of the fMRI signal, collected while participants completed a virtual
navigation task. Results showed that cortical and hippocampal regions predicted EC grid-like signal, whereas
subcortical modulatory pathways did not. Hippocampus microstructure emerged as the strongest predictor:
both anterior hippocampus and the full hippocampus showed robust associations with EC grid signal across
all diffusion metrics, with higher FA and lower MD relating to stronger grid-like coding. In addition,
left-lateralised effects were observed in two posterior cortical nodes: the precuneus and retrosplenial cortex.
This suggests a hemisphere-specific contribution of visuospatial and reference-frame processing to EC 6-fold
BOLD signal modulation. In contrast, microstructure of the fornix and septal nuclei did not significantly
predict grid-like signals, indicating that cholinergic and GABAergic pathway integrity may not be the primary
structural determinant of grid-like coding at this level of analysis. Together, these findings suggest that EC
grid cell-like integrity in healthy aging is shaped by the microstructural integrity of the hippocampus and
posterior cortical regions rather than by subcortical modulatory pathways.
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Simulated and disease-related peripheral visual field loss (PVFL) impairs navigation, but the mechanistic
causes remain uncertain. Effective navigation involves integrating multiple spatial cues, including visual
landmarks as a reliable cue. While typically sighted navigators have visual access to multiple landmarks
within a large field of view, PVFL prevents viewing of full landmark configurations. This may influence
visual-cue use during navigation, as well as sensory-cue integration with other available cues such as the
body-based cues experienced during walking. In the current study, we test the influence of simulated PVFL
on spatial cue use and integration during a virtual homing task using a head-mounted display (HMD).
Participants experienced one of three simulated gaze-contingent PVFL conditions: 110° (full FOV of HMD),
30°, and 20°. Participants walked to a home position marker, then walked two legs of triangle to two
subsequent markers with three landmarks present. With the markers removed, they then walked to the
home location under single-cue conditions that isolated either visual landmark or body-based cues, both
cues, and a conflict condition in which the landmarks were covertly shifted to assess how much navigators
relied on (or weighted) landmarks. Average spatial error in homing, variability, and visual weighting were
measured. Preliminary data suggests similar patterns of multisensory benefit under PVFL as in typical vision
with greater spatial error and variability in single-cue conditions compared to when both cues were
available. The smaller PVFL groups also tended to continue to weight visual cues over body-based
self-motion cues and initial data suggests patterns supporting optimal cue integration across all three
groups. This study contributes to an understanding of cue use in navigation under reduced peripheral visual
information which could inform rehabilitation strategies that promote safe and effective mobility for
individuals with PVFL.
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Humans have mastered unique navigational techniques to manage the cognitive demands of complex
environments. Ancient indigenous mariners in ‘Remote Oceania’ traversed thousands of miles of the open
ocean without the use of physical artefacts. The ‘Ri-Meto’, master navigators of the Marshall Islands learnt to
sense subtle changes in ocean swell patterns, to infer the direction and distance to land. Despite these
incredible achievements, there has been to date no studies of spatial cognition whilst sailing in the Pacific.
We investigated how Marshallese sailors track their position and orientation at sea just by using
environmental cues such as ocean swells. During a 60 nautical mile voyage from Majuro atoll to Aur atoll
aboard a 42ft trimaran, we tested 9 participants consisting of crew members and two Indigenous
Marshallese sailors. Approximately every hour, each participant marked their estimated position with a
confidence rating on a map. Direction of travel, direction of waves, distance and time till land sighting and
arrival were also recorded. Emotions including happiness, tiredness, worriedness and seasickness were also
recorded. An orientation task was conducted at 4 separate intervals, in which participants pointed to 6 out
of sight atolls as accurately as possible. Heart rate was tracked using Empatica watches. To measure wave
patterns, accelerometers were used to track the motion of the trimaran along with its pitch and roll. Wind
measurements were collected using an anemometer. A GoPro was used to capture sail movement along with
sun position, cloud formations, moon position, bird sighting and land sighting. Spatial estimates from
participants are compared with the GPS log to determine bias from veridical truth. The multimodal data
collected about the environment is then used to develop a computational model of how position and
orientation are kept track of at sea, and which environmental cues are relevant.
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When we enter a new environment, we use sensory input to rapidly create an internal model of the
surrounding space. Even when sensory input is interrupted, such as when we close our eyes, we can
maintain a sense of the environmental structure relative to our body. How the brain generates and maintains
egocentric spatial representations remains poorly understood. The posterior parietal cortex (PPC) is central
to egocentric spatial cognition: it integrates diverse input streams, and damage to it often causes egocentric
processing deficits in humans. Prior work identified egocentric boundary vector cells (EBCs) in rodent PPC
that respond when environmental boundaries occupy specific bearings and distances relative to the animal.
Here, we used head-mounted two-photon microscopy in freely moving mice to characterize EBCs along the
dorsal visual processing stream from primary visual cortex to PPC. To separate purely visual responses from
true egocentric vector codes, we compared boundary tuning strength across dynamic lighting conditions.
Tuning in primary visual cortex largely disappeared in the dark, whereas vision-independent boundary
responses persisted in visuoparietal regions AM and A. These vision-independent EBCs were tuned mainly
contralaterally and preferred near boundaries (< 10 cm). Finally, we developed a decoding framework to
reconstruct local egocentric space from PPC population activity during free exploration. A recurrent neural
network decoded the momentary structure of the environment with high precision (error ~7.5 cm) and
generalized across environmental geometries, indicating a context-invariant PPC-encoded model of local
space. Together, these findings reveal that mouse PPC transforms transient sensory inputs into a
vision-independent representation of the local spatial environment in egocentric coordinates.
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The task of understanding the neurobiology of goal-directed navigation — how the brain supports going from
one geographical point to another, and maintains long term representations of space for this purpose — has
occupied much of mid- to late-20th century Neuroscience. While the bases of cognitive maps have since
been well-characterised in both rodents and humans, models of spatial navigation often assume or require
pre-existing knowledge of the environment, limiting considerations of situational and individual differences
in spatial learning. In particular, given the widespread use of Global Positioning System (GPS) in modern
navigation contexts, it is becoming increasingly crucial to understand how this technology is used, as it may
modulate known correlates of spatial learning and navigation. We propose a novel neurocognitive model
outlining neural and behavioural predictions for spatial learning under different GPS-aided contexts, and
present pilot cross-sectional data from 124 participants from whom several self-reported and objective
navigation measures were collected. These findings provide preliminary evidence that distinct patterns of
GPS use exist under conditions such as driving and walking navigation, and suggest that broad GPS reliance
measures used in past research may not be entirely comprehensive. We additionally demonstrate that
verbal working memory ability mediates the relationship between GPS usage and objective navigation
performance, indicative of links between cognitive functioning, GPS usage style, and the formation and use
of internal spatial representations.
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Navigation requires the ability to generalize the structure of the environment across spatial contexts. To
support this generalization, the hippocampal formation must provide a framework to bridge the gap
between its location encoding and action-execution in the cortex. The subiculum sits at a critical junction,
receiving major input from both CA1 and anterior thalamus (ATN). Prior work has established a qualitative
dissociation between these regions, where the subiculum exhibits weaker place-specific tuning and uniquely
represents geometric corners, environmental borders, and axes of travel despite its proximity as the
immediate output of CA1.

The present study uses a 12-arm radial maze task and recordings in the subiculum and its circuitry along the
thalamo-cortical axis to examine the integration of the environment across stable trajectories in different
orientations. The maze and task together allowed assessment of tuning to location, orientation, and position
along the route independently. Animals were adept at navigating inverted U-shaped trajectories across
shifting task modes, successfully adjusting to varied angular displacement between visited arms (e.g., 30°,
60°, 90°, 120°, or 150° offsets).

Results reveal further support of the dissociation between these regions; while CA1 and ATN output
stereotypical place and head-direction signals, the subiculum encodes generalized inflection points that
represent recurring structural motifs that remain invariant regardless of the animal's global position. These
results challenge the view of subiculum as a simple relay of CA1 distributing a compressed version of its
place map, instead serving as a site of multi-sensory integration that maps invariant features like axes of
travel and path-equivalent landmarks. Together, results suggest that the subiculum assembles these features
into a structural scaffold, providing the necessary framework for motor cortices to navigate complex,
multi-axial environments.
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Successful navigation in dynamic environments requires animals to predict the future locations of moving
targets based on internal representations of space and self-motion. Rather than continuously tracking a
target’s current position, animals can use predictive strategies to intercept targets more efficiently. However,
the neural mechanisms that support predictive target interception during naturalistic navigation remain
poorly understood. To address this question, we trained mice in a reward-associated visual target pursuit
task in which a moving target followed either pseudorandom (unpredictable) or structured (predictable)
trajectories. Mouse position and target motion were tracked in real time using DeeplLabCut, and successful
interceptions triggered water reward delivery. Behaviorally,mice initially pursued targets reactively based on
immediate visual feedback. With training on structured trajectories, animals progressively adopted
predictive strategies, initiating movement toward anticipated future target locations rather than the target’s
current position. These behavioral changes suggest the emergence of an internal model of target dynamics
relative to the animal’s own movement. To investigate the neural basis of this transition, we performed
high-density electrophysiological recordings in the cingulate cortices and hippocampal formation, regions
implicated in spatial representation, navigation, and goal-directed action planning. Using single-neuron and
population-level analyses, we examined how neural activity encoded spatial variables and whether
population dynamics reflected predictive representations of future target locations. Together, these findings
provide insight into how cortical circuits support the formation of predictive internal models that guide
flexible, goal-directed pursuit behavior.
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The animal foraging literature is rife with different models of search strategies: scale-free random walks,
systematic spirals, and wall-following. But how do humans, with superior cognitive capacities, search a
large-scale area? We asked 45 participants to search for a target by walking within a large 100’x100’ square
virtual arena, under a 1-min time limit. The target was a floating glowing sphere that became visible when
participants were 2.5m away. Participants began each trial by following a moving marker in a ‘guided search’.
This exposed them to a selected region of the arena to test whether they avoided redundantly searching the
same area during the test phase. In a 2x2 factorial design, virtual environments differed along two
dimensions: two conditions involved searching in the presence of distal landmarks, and two without.
Moreover, two conditions involved searching grid-like aisles within a forest and the other two an open field.
We found that participants in the landmark conditions had a significantly higher success rate than those
without landmarks, whether in the forest grid or the open field. While all groups covered a comparable
search area, the no-landmark groups (NL) were more likely to redundantly search the area covered during
guided search. The initial direction of search in the test phase was weakly affected by the preceding
sequence of left and right turns in the guided-search phase and, for NL, by the shape of the hitherto path.
The search strategies we observed were non-random, in the sense that they were less redundant and more
successful than a random walk. Participants also appeared to adjust their search path to the radius of target
detectability.

Lastly, we report on the spontaneous emergence of a convoluted search strategy that appeared in all
conditions, which is reminiscent of a self-avoiding space-filling walk. We are currently analyzing whether this
strategy may be optimal under a time constraint given spatial memory decay.
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Humans exhibit remarkable flexibility in goal-directed navigation, readily adapting to changes in spatial
environments and associated rewards. The hippocampus is hypothesized to support this flexibility by
encoding predictive spatial relationships between states and rewards. We evaluated human behavior and
single-neuron representational dynamics during a spatial sequence learning task that induces relearning
through either transition revaluation (TR; changes in spatial structure) or reward revaluation (RR; changes in
terminal rewards). To model these capabilities, we used neural sequence models,RNNs and Transformers,
which learn predictive representations by associating non-consecutive spatial experiences as a framework
for hippocampal-like predictive associative learning. At the behavioral level, prior work shows greater
adaptation in RR than TR, suggesting that humans differentially update representations across conditions:
reward updates are local, whereas transition updates rely on non-local temporal statistics that are slower to
update. Our patient cohort (n = 16) exhibited a similar asymmetry. To model the effects of non-local spatial
associations, we evaluated Transformers with varying attention masks alongside RNNs. Across models,
greater reliance on non-local predictive spatial associations led to a larger RR—TR performance gap. At the
neural level, population activity in human neurons dissociated reward and transition relearning, as well as
behavioral outcomes (successful vs. unsuccessful reevaluation), reflecting orthogonal representational
updates. Both human neurons and sequence models exhibited greater spatial remapping during TR than RR.
Together, these findings reveal a stability—flexibility trade-off in intelligent systems: transition
representations encode non-local spatial relationships across states and are therefore slower and more
costly to update than reward representations.

Presenting author: Weijia Zhang



S3: Age-related decrease in hippocampal theta power induces boundary-dependent spatial memory
decline: Human intracranial EEG study

Author(s) and affiliation(s):
Sang-Eon Park1, Joshua Jacobs2, Sang Ah Lee3,4

1: Brain Imaging Center, Seoul National University, 2: Department of Neurology, University of Chicago, 3:
Department of Brain and Cognitive Sciences, Seoul National University, 4: Institute for Data Innovation in
Science, Seoul National University

Boundaries provide stable cues that help the brain anchor spatial representations for accurate navigation
and memory. Past studies showed reduced use of boundaries contributes to spatial memory decline in older
adults, but the underlying neural mechanisms remain unclear. Given the role of hippocampal theta
oscillations in spatial representations, intracranial EEG (iEEG) may reveal their specific role in translating
boundary information into spatial memory and changes occurring in aging.

In this study, we analyzed iEEG recordings from 69 presurgical epilepsy patients (ages 19-61, 41 with
hippocampal electrodes) during a computer-based navigation task. Participants were passively driven to a
target location and then asked to freely return to that location after being teleported to a random starting
point in a virtual rectangular arena. Specifically, we examined the association between hippocampal theta
power and boundary effects on spatial memory.

We first found that age-related spatial memory decline was particularly severe when targets were located
near the boundaries of the arena. Older participants exhibited a response pattern biased toward the center
of the environment, away from the boundaries. This age-related decline in performance was associated with
reduced theta power in the hippocampus during the encoding phase. In particular, theta modulation for
boundary representation was less evident in the older group (i.e., no significant difference in theta power
when the target object was near the boundary versus the center) and associated with imprecise distance
judgments to the boundary.

These findings suggest that theta oscillations provide an essential coordinate framework for
boundary-anchored cognitive maps, and that sufficient theta amplitude is crucial for maintaining the spatial
gradients necessary for robust distance mapping. Consequently, the reduction in theta oscillations
associated with aging leads to a boundary-dependent decline in spatial memory.
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